. Estrogen receptors α and β (ERα and ERβ) have a unique relationship with metabotropic glutamate receptors (mGluRs) in the female rodent brain such that estradiol is able to recruit intracellular G-protein signaling cascades to influence neuronal physiology, structure, and ultimately behavior. While this association between ERs and mGluRs exists in many cell types and brain regions, its effects are perhaps most striking in the nucleus accumbens (NAc). This review will discuss the original characterization of ER/mGluR signaling and how estradiol activity in the NAc confers increased sensitivity to drugs of abuse in females through this mechanism.
Effects of estradiol outside the nucleus are often mediated by classical estrogen receptors
Today, it is widely accepted that steroid hormones can signal in ways that do not rely on receptors acting in the nucleus, including activation of receptors localized to the cellular membrane. Rapid effects of estradiol were first observed in uterine tissue over 50 years ago (Szego and Davis, 1967) . Increased concentrations of cAMP induced by estradiol administration occurred within seconds, outside the timeframe that was traditionally attributed to actions of steroid hormones. These rapid effects indicated that alternate signaling mechanisms must exist, and it was hypothesized even at that time that these actions of estradiol were mediated by membrane-localized receptors. Subsequent support for this theory came from radioactive ligand binding assays that showed that synaptic plasma membranes have binding sites for estradiol (Towle and Sze, 1983) , and from observations of estrogen receptors on the plasma membrane in Xenopus oocytes (Sadler et al., 1985; Sadler and Maller, 1982) . The idea that estrogen receptors were physiologically active at the surface membrane was highly contentious, with these early findings often dismissed as technical artifacts. Nevertheless, the field persisted, accumulating more and more evidence of membranelocalized estrogen receptors (Chaban et al., 2003; Kelly et al., 1999; Kelly and Levin, 2001; Levin, 2001; Razandi et al., 1999 Razandi et al., , 2003 .
Although several different membrane estrogen receptors have been reported (Qiu et al., 2008; Revankar et al., 2005) , a large percentage of membrane-initiated steroid hormone signaling appears to be performed by a subpopulation of the same receptors that act in the nucleus. Specifically, estrogen receptors (ERs) α and β are found at the plasma membrane and are synthesized from the same transcript as their nuclear counterparts (Razandi et al., 1999) . We have known that ERα and ERβ are critical for membrane signaling for at least a decade, as their genetic knockout interferes with rapid estrogen-mediated activation of the MAPK/ERK pathway (Ábrahám et al., 2004) . While Ábrahám and colleagues did not examine the subcellular location where ERα and ERβ triggered MAPK signaling, the existence of these estrogen receptors at the plasma membrane has since been observed in many brain regions using a variety of techniques (Micevych and Mermelstein, 2008; Pedram et al., 2009; Razandi et al., 2003) .
Though the evidence for rapid, non-nuclear initiated action of ERα and ERβ had been compelling for many years, the mechanism(s) by which these receptors signaled outside the nucleus had remained frustratingly unclear. When our lab set about to investigate the signaling pathways responsible for the effects of membrane-initiated estradiol signaling in the mid-2000s, the fundamental issue was that previous reports had typically examined second messenger signals far downstream of the membrane-initiated event. As such, the literature contained a plethora of descriptive studies examining the impact of estrogens on a wide array of cellular processes. For example, estradiol was reported to attenuate L-type calcium currents (Chaban et al., 2003; Mermelstein et al., 1996) as well as the aforementioned activation of MAPK (Gu and Moss, 1996; Lee et al., 2004; Wade and Dorsa, 2003; Zhou et al., 1996) . Hence, we wanted to understand the full signaling https://doi.org/10.1016/j.yhbeh.2018.03.001 Received 10 January 2018; Received in revised form 28 February 2018; Accepted 1 March 2018 pathways that were responsible for multiple effects of estradiol. To do so, we utilized an in vitro assay monitoring phosphorylation of the transcription factor CREB as a measure of cellular activation. We first replicated what others had reported, finding that a brief application of physiological estradiol concentrations increased CREB phosphorylation in CA3-CA1 hippocampal neurons from 1 to 2 day-old female rat pups (Boulware et al., 2005) . This effect was dose dependent, rapid, and blocked by MEK inhibitors. We then went on to examine the interaction of estradiol with L-type calcium channel signaling. Increased synaptic activity leads to increased CREB phosphorylation via activation of Ltype voltage-gated calcium channels, and this activation can be reproduced in cell culture by K + -mediated depolarization. In this assay, a brief stimulation of cells with 20 mM K + robustly increases CREB phosphorylation via CaMKIV signaling (Deisseroth et al., 1996; Mermelstein et al., 2000) . Pretreatment with estradiol attenuates depolarization-induced CREB phosphorylation, revealing the bidirectional effects of estradiol in its modulation of these two discrete pathways. Our experiments additionally showed that these effects of estradiol are postsynaptic, occur via membrane receptors, and, importantly, do not occur in cultures from male animals (Boulware et al., 2005) .
Estrogen receptors activate mGluR signaling pathways
In order to distinguish the opposing effects of estradiol on CREB phosphorylation, we turned to a "bottom-up" approach, working backwards from CREB phosphorylation to pharmacologically isolate the two signaling pathways (Boulware et al., 2005) . (The signaling pathway described below is summarized in Fig. 1 ) We first focused on proteins known to influence MAPK, and found that inhibition of PKC and IP 3 receptors decreased estradiol-induced CREB phosphorylation. PLC inhibition similarly blocked the enhancement, without affecting estradiol-induced inhibition of L-type calcium channel effects. Because PLC, PKC, and IP 3 Rs are activated by G q -coupled GPCRs (Gutkind, 2000) , we hypothesized that estradiol may act through a known G q -linked GPCR to enhance CREB phosphorylation. Our first step in addressing this hypothesis was to simply power through the catalog of pharmacological agents that act as antagonists for individual G q -coupled receptors. With a bit of luck, the second drug we tried was LY367385, an antagonist for mGluR1a, a group I mGluR. Pretreatment of cells with this drug blocked estradiol enhancement of CREB phosphorylation without altering estradiol attenuation of L-type calcium channel signaling. These results were confirmed with a second mGluR1 antagonist. In addition, direct pharmacological activation of mGluR1a increased CREB phosphorylation, and occluded any further enhancement by estradiol. The mGluR1a agonist DHPG elicited CREB phosphorylation regardless of sex, suggesting that the sex difference in estradiol signaling lies upstream of the mGluR. This also supported the idea that estradiol was not acting directly on the mGluR, but rather relies on the ability of an estrogen receptor to activate its signaling. Indeed, we found that the ERα agonist PPT increased CREB phosphorylation, while the ER blocker ICI 182,780 eliminated the effect of estradiol. These data indicated that ERα was able to solicit mGluR1a signaling in female hippocampal neurons. We later went on to repeat these experiments in female striatal neurons, finding that the same type of ER/mGluR signaling occurs, but ERα pairs with mGluR5 instead of mGluR1a (Grove-Strawser et al., 2010) .
Having demonstrated that G q -coupled mGluR1a was necessary for estradiol-induced enhancement of CREB phosphorylation, we hypothesized that activation of a separate G-protein signaling pathway could explain the effect of estradiol on L-type calcium channel signaling (Boulware et al., 2005) . Indeed, inhibition of group II mGluRs, which couple to G i/o proteins to inhibit adenylyl cyclase, eliminated the effect of estradiol. Furthermore, activation of either ERα or ERβ triggered group II mGluR signaling (Fig. 1 ). This work demonstrated specific bidirectional effects of estradiol within the same system, wherein the magnitude of concurrent excitatory input will dictate the outcome of estradiol exposure.
Since these initial studies, a greater appreciation has emerged for how estradiol can influence neuronal systems via interactions with group I mGluRs. For example, group I mGluRs can activate a variety of cellular responses, including the release of endogenous cannabinoids (Alger and Kim, 2011; Wilson and Nicoll, 2002) . Estradiol has also been known to influence this system (Maccarrone et al., 2002; Scorticati et al., 2004) , and these lines of evidence have recently converged. Specifically, it has been demonstrated that in female hippocampal neurons, ERα activates mGluR1a leading to endocannabinoid signaling, subsequently decreasing presynaptic GABA neurotransmission (Huang and Woolley, 2012; Tabatadze et al., 2015) . This example illustrates the potential impact of ER/mGluR interaction and the importance of thoroughly understanding of the signaling mechanism.
Estradiol activation of ER/mGluR signaling underlies sex differences in addiction

Group I mGluRs
As we are particularly interested in the influence of ER/mGluR interaction on the neural circuitry underlying addiction, it is worthwhile to first take a closer look at the role of group I mGluRs independent from estradiol signaling. Group I mGluRs (mGluR1a and mGluR5) are primarily post-synaptic, located at the edge of the postsynaptic density, where they interact with Homer, Shank, and other scaffolding proteins to form a signaling complex with ionotropic receptors and downstream effectors (Verpelli et al., 2011; Xiao et al., 2000) . This organization is critical for their proper function (Ronesi et al., 2012; Ronesi and Huber, 2008) , which involves modulation of excitatory neurotransmission (Saugstad and Ingram, 2008) . Group I mGluRs are important for synaptic plasticity (Fitzjohn and Bashir, 2008) , and their activation can be involved in both LTD and LTP (Anwyl, 2009; Lüscher and Huber, 2010) . Group I mGluR activity is highly associated with structural changes, particularly in dendritic spines (Vanderklish and Edelman, 2002) . Many of these changes are associated with synaptic weakening or spine loss, and this modulation of spine structure may be relevant as a mechanism for synaptic refinement (Wilkerson et al., 2014) .
The two group I mGluRs, mGluR1a and mGluR5, are often co-expressed, but not always to the same degree (Shigemoto et al., 1992 (Shigemoto et al., , 1993 . They are also often thought of as interchangeable, but increasing evidence suggests they have distinct and sometimes cooperative functions. For example, in the striatum and globus pallidus, mGluR5 activity regulates the outcome of mGluR1 on neuronal excitability (Kramer and Williams, 2015; Poisik et al., 2003) . Even more relevant for our interests, cocaine exposure alters the influence of mGluR1 versus mGluR5 on excitatory neurotransmission (McCutcheon et al., 2011) . In the context of drug abuse, mGluR5 is more thoroughly studied than mGluR1, with results showing that it is required for several drug-related behaviors, including acute locomotor responses and self-administration of cocaine (Chiamulera et al., 2001) .
Estradiol enhancement of drug-induced plasticity
Because of their role in drug-induced plasticity, sex-specific modulation of group I mGluRs by estrogen receptors is an attractive explanation for the sex differences seen in addiction. On average, women begin using psychostimulants at a younger age and escalate use more quickly, which may be attributable to greater subjective effects (Segarra et al., 2010) . Not only do women move through the stages of addiction more quickly than do men (Hernandez-Avila et al., 2004; Randall et al., 1999) , but quitting is also harder (Carpenter et al., 2006; Lynch et al., 2002) , and cravings are more intense during abstinence (Robbins et al., 1999) .
Multiple lines of evidence suggest that estrogens underlie this heightened female vulnerability to addiction. First, the effects of cocaine vary across the menstrual cycle, with women reporting greater effects when estrogen levels are high, or when estrogen is exogenously administered (Evans et al., 2002; Justice and de Wit, 1999) . These sex differences are recapitulated in rodent models of addiction, with female rats showing faster acquisition, greater escalation, and greater reinstatement of drug use when compared to males (Anker and Carroll, 2010; Becker and Hu, 2008) . Removal of endogenous ovarian hormones via ovariectomy, or blockade of estrogen receptors with antagonists, eliminates those sex differences in the behavioral responses to cocaine, while estradiol replacement restores them (Carroll et ; Sircar and Kim, 1999) . Additionally, estradiol enhances cocaineinduced locomotor sensitization in female rodents (Peris et al., 1991; Segarra et al., 2010) .
When considering how estradiol may act to create sex differences in addiction, it is logical to consider its influence on dopaminergic systems, which are responsible for the acute responses to drugs of abuse, as well as on glutamatergic systems, which play a crucial role in the neuroplasticity that underlies the development of addiction. Estradiol has been found to influence the regulation and activity of the mesolimbic dopamine system (Becker and Hu, 2008, see Yoest et al., 2014 for review), providing one possible mechanism for how estradiol influences female responses to drugs of abuse. However, we and others have shown that estradiol modulation of nucleus accumbens group I mGluR signaling in females is critically important for enhancement of behaviors closely linked to addiction.
The nucleus accumbens is a critical locus for ER/mGluR signaling in the context of addiction
Specialized structure of the nucleus accumbens
The nucleus accumbens (NAc) region of the striatum carries out complicated processing required for motivated behaviors. Current models posit that glutamatergic afferents to the NAc from the hippocampus, prefrontal cortex, and amygdala provide signals needed for prediction, dopaminergic inputs from the ventral tegmental area provide reinforcement information, and GABAergic inputs engage in action selection and subsequent motor output (Lüscher and Malenka, 2011; Nestler, 2001; Sesack and Grace, 2010) . The structure of the NAc is specialized in order to perform this integration. The nucleus accumbens is divided into two sub regions: the core, which is predominately interconnected with motor circuitry, and the shell, which is connected to other limbic structures. Together, these two regions control the execution of conditioned behaviors (NAc core) and their reinforcement through interaction with reward circuitry (NAc shell) (Haber, 2011; Meredith et al., 2008) . Dendritic spines on medium spiny neurons (MSNs) integrate dopamine and glutamate inputs, with dopamine modulating the signal of incoming glutamatergic input (Surmeier et al., 2007) . MSNs are the predominant output neurons of the striatum, and are capable of influencing motor and cognitive behaviors through projections to other brain regions (Smith et al., 2013; Yager et al., 2015) . Excitatory synaptic input on to MSN dendrites is essential for generating action potential output and regulating synaptic plasticity (Britt et al., 2012; Mulder et al., 1998; O'Donnell and Grace, 1995; Papp et al., 2011; Sesack et al., 2003; Stuber et al., 2011) . MSNs express GPER-1, membrane-associated ERα and ERβ, and aromatase, but express few or no nuclear ERs (Almey et al., 2012; Foidart et al., 1995; Grove-Strawser et al., 2010; Küppers et al., 2008; Beyer, 1998, 1999; Mermelstein et al., 1996; Schultz et al., 2009; Stanić et al., 2014) .
The nucleus accumbens core (NAcC) is known for its unique sex differences even outside the context of drug-induced plasticity. NAcC MSNs receive increased numbers of excitatory glutamatergic synapses in females relative to males (Sazdanović et al., 2013) . Perinatal estradiol exposure in males causes the relative decrease (Cao et al., 2016) . Interestingly, estradiol decreases dendritic spine density in the NAcC of adult female rats, indicating a transient decrease in putative glutamatergic input Staffend et al., 2010) . Pharmacological manipulations indicate that the effects of estradiol on spines depend on mGluR signaling Peterson et al., 2014) , suggesting that ER/mGluR interactions are involved (Boulware et al., 2005; Grove-Strawser et al., 2010) . For a summary of estradiol-mediated spine changes in the nucleus accumbens, see Table 1 . Note that ER/mGluR regulation of dendritic spines is brain region specific . For example, while ERα functionally couples to mGluR5 within the dorsal striatum, acute estradiol treatment does not affect spines in this brain region Staffend et al., 2011) . Moreover, differences between the core and shell regions of the NAc indicate different relationships between estrogen receptors and mGluRs, as well as potential differences in the effects of mGluR signaling on spines.
It should be noted that the ability of estradiol to affect neuronal structure in order to sculpt neural circuits is not restricted to the nucleus accumbens (Ball et al., 2002; McEwen, 1980; Parducz et al., 2006; Theodosis et al., 1986) . For example, estradiol treatment increases neuronal dendritic length in the ventromedial nucleus of the hypothalamus (Meisel and Luttrell, 1990) . Estradiol also regulates dendritic spine density in the hippocampus in a striking manner (Gould et al., 1990; Woolley, 1998; Woolley and McEwen, 1992, 1993) . There is evidence of ER/mGluR1a pairing in both of these brain regions where spines are increased (Boulware et al., 2005; Christensen et al., 2011) , supporting the idea that ER/mGluR5 interactions result in spine decreases while ER/mGluR1a activity increases spine density. Furthermore, spinogenesis produced by ER/mGluR1a activity in the hypothalamic arcuate nucleus are required for female sexual receptivity, evidence that estradiol produces behaviorally-relevant changes in structure through this signaling mechanism (Christensen et al., 2011) .
Nucleus accumbens ER/mGluR activity underlies estradiol enhancement of drug-related behaviors
The sex differences seen in the NAc extend to drug-induced plasticity, in that drugs of abuse can increase MSN spine density to a greater degree in females than males (Strong et al., 2017; Wissman et al., 2011a) . Catherine Woolley's group has shown that structural differences are associated with physiological differences, in that the frequency of miniature excitatory postsynaptic currents in NAc MSNs increased with cocaine in females more than males (Wissman et al., 2011b) . Their work demonstrated that differences exist in excitatory synapse number per neuron rather than in presynaptic release probability, further supporting the importance of dendritic spine changes.
We have recently found evidence that ER/mGluR activity is involved in the facilitative effects of estradiol on cocaine-induced behaviors described above. Specifically, we demonstrated that mGluR5 activity is required for estradiol enhancement of cocaine-induced locomotor behavioral sensitization (Martinez et al., 2014) . Importantly, this effect was specific to ambulatory behavior and did not alter other effects of estradiol replacement in ovariectomized rats, such as attenuation of weight gain. Furthermore, changes were limited to sensitized responses rather than acute responses to cocaine, indicating alterations in the ability of estradiol to influence plasticity. mGluR5 cooperates with endocannabinoid signaling to affect sensitization, as cannabinoid-1 receptor inhibition also eliminates estradiol-mediated enhancement of cocaine responses . This ER/ mGluR5-cannabinoid signaling mechanism is also required for estradiol potentiation of cocaine-self administration in ovariectomized rats . To show this, we allowed ovariectomized rats to freely self-administer cocaine under extended access conditions for ten days. Animals receiving estradiol on a two days on/two days off schedule throughout the experiment increased their cocaine intake relative to controls. This increase was blocked when an mGluR5 antagonist was administered prior to each dose of estradiol. The mGluR5 antagonist had no effect on cocaine intake when administered on its own, without estradiol. Interestingly, these findings highlight the therapeutic potential of mGluR5 antagonism in females (Olive, 2009) .
A commonality between the behaviors affected by ER/mGluR signaling is their reliance on plasticity over time. As discussed, ER/mGluR enhancement of cocaine-induced locomotor activity does not affect acute psychomotor responses but rather is restricted to effects following repeated drug exposure that lead to sensitization. This is important because this type of long-term plasticity is thought to drive the chronic, relapsing nature of addiction. For example, the development of behavioral sensitization requires plasticity within the same neural circuits that underlie incubation of craving in humans -a hallmark of addiction (Robinson and Berridge, 1993; Thomas et al., 2001; Vanderschuren and Kalivas, 2000) . Unsurprisingly, ER/mGluR signaling similarly influences other aspects of addiction mediated by long-term plasticity. This can be seen in estradiol enhancement of cocaine self-administration and estradiol enhancement of cocaine-conditioned place preference reinstatement (Tonn Eisinger et al., 2017) .
While ER/mGluR mediated changes in plasticity in the nucleus accumbens may explain the effects of estradiol in models of drug abuse, other behavioral effects of estradiol can be attributed to similar signaling in other brain regions. For example, ER/mGluR signaling in the hippocampus enhances learning and memory (Boulware et al., 2013; Frankfurt, 2012, 2013) , and similar pathways in the dorsal root ganglion affect nociception (Chaban et al., 2011; Lu et al., 2013) . Additionally, ERα-mGluR1a signaling in the arcuate nucleus of the hypothalamus underlies estradiol modulation of lordosis behavior (Christensen et al., 2011; Dewing et al., 2007) . It is clear that ER/ mGluR signaling provides an avenue through which estrogens can alter the plasticity state of a variety of neuronal systems to affect diverse behaviors. While this is adaptive for reproduction-related processes, it is detrimental when plastic motivational systems are usurped by drugs of abuse (Tonn Eisinger et al., 2017; Yoest et al., 2014) .
ER/mGluR signaling is regulated by caveolin proteins and palmitoylation
Because of the vast implications of ER/mGluR association, it is important to understand what regulates their interaction. Such regulatory mechanisms are likely to be dynamic, allowing the coupling of these receptors in not only a sex-specific manner, but also a cell-specific manner. Cell culture experiments point to two regulatory mechanisms: interaction with caveolin proteins, and palmitoylation. First, caveolin proteins -structural membrane proteins -are required to traffic ERs to the plasma membrane where they can associate with mGluRs Razandi et al., 2002) . The particular caveolin isoform (there are three) determines the character of the ER/mGluR pairing. That is, ERα with mGluR1a or mGluR5, or ERα or ERβ with mGluR2/3. In this way, caveolin creates functional microdomains within the membrane, clustering receptors with their effector proteins, and providing subcellular spatial tuning (see Fig. 1 ). In an attempt to better understand the involvement of caveolin in ER/mGluR-mediated enhancement of cocaine plasticity, and to bring our in vitro findings into an in vivo paradigm, we overexpressed Cav1 in neurons of the nucleus accumbens in ovariectomized rats (Fig. 2a) and measured differences in locomotor responses to cocaine (Fig. 2b) . We used a dose of cocaine previously shown to not produce behavioral sensitization in ovariectomized rats without estradiol supplementation, and hypothesized that Cav1 overexpression would mimic the enhancement normally seen with estradiol. Indeed, Cav1 animals increased their locomotor responses from the first to last day of cocaine exposure, while control animals did not (Fig. 2b) . This indicated that Cav1 overexpression facilitated cocaine-induced plasticity.
A second source of regulation is palmitoylation -reversible posttranslational lipidation. ERs must be palmitoylated in order to signal at K. R. Tonn Eisinger et al. Hormones and Behavior 104 (2018) 130-137 the membrane. It is possible that neurons utilize a palmitoylation-depalmitoylation cycle to divert greater or fewer ERs to the plasma membrane, or even to integrate membrane and neuronal estradiol signaling. Future studies of membrane-associated ER regulation and signaling will need to consider the recent advances in knowledge of depalmitoylation and local palmitoylation cycles (Fukata et al., 2013 (Fukata et al., , 2015 Yokoi et al., 2016) . Because palmitoylation is a dynamic process, it is possible that there could be an activity-dependent component of ER palmitoylation state (Tabatadze et al., 2013) . We are only just beginning to understand the extent of palmitoylation influence on signaling mechanisms that rely on membrane-tethering of otherwise soluble proteins, including ER/mGluR activity. Finally, not only can ERs pair with different mGluRs in different brain regions, but it is becoming increasingly clear that the same mGluRs can pair with distinct downstream signaling partners to have differential effects both within and across brain regions Mannaioni et al., 2001; Poisik et al., 2003; Valenti et al., 2002) . In other cases, mGluR signaling may result in the same outcome, but through distinct pathways (Benquet et al., 2002; Thandi et al., 2002) . These nuances in mGluR signaling are an important consideration, as they likely contribute to the varied effects of estradiol on structural plasticity. The flexibility and diversity of ER/mGluR signaling outcomes are thus conferred at multiple levels. Learning the precise mechanism that determines which mGluR an ER pairs with, and the nature of downstream effects of that mGluR, will clarify our understanding of how estradiol modulates neural systems in specific and complex ways.
Future directions and conclusions
This review has focused on estrogen regulation of female motivational behavior, as estrogens have not been found to directly affect brain regions associated with the reward pathway in male mammals (Becker, 2016; Cummings et al., 2014) . Nevertheless, estrogens are known to play essential roles in avian physiology and behavior (Cornil et al., 2012) , including through ER/mGluR signaling mechanisms (Seredynski et al., 2015) . Moreover, ER/mGluR signaling has recently been described in the cerebellum of male mice (Hedges et al., 2018) , a brain region known to affect an ever increasing variety of cognitive functions (Strick et al., 2009; Galliano and De Zeeuw, 2014) . Thus, it would be premature to exclude the possibility of estrogen affecting motivated behaviors in male mammals. That said, androgen receptors (AR) are also palmitoylated by the same DHHC enzymes as estrogen receptors (Pedram et al., 2012) , and thus may be trafficked to the surface membrane as well. Hence, current work is examining potential AR/mGluR signaling and its impact upon the reward circuitry in the brains of male mammals, similar to the effects of estrogens in females.
Additionally, although the membrane-localized ER signaling described in this review has generally been studied in isolation from Only animals overexpressing Cav1 exhibited behavioral sensitization between the first and seventh day of cocaine treatment (n = 9-10; *p = 0.01, paired-sample t-test between groups within day following main effect of two-way ANOVA). Dashed line indicates baseline ambulatory behavior one day prior to cocaine administration. No differences were observed on these habituation days or in animals receiving repeated saline (data not shown). Hormones and Behavior 104 (2018) 130-137 nuclear signaling, it is becoming clearer and clearer that integration of these mechanisms must be considered (Frick, 2015) . Perhaps the distinct estradiol signaling mechanisms serve as a sort of coincidence detector in various systems, whereby the convergence of rapid and slow effects promotes a certain outcome. This can be seen in the case of sexual receptivity, as both the slower and more rapid effects of estradiol are required in the hypothalamus for the normal expression of sexual receptivity in females (Kow and Pfaff, 2004) . Specifically, ERα/ mGluR1a signaling leads to rapid internalization of μ-opioid receptors in the medial preoptic area (Dewing et al., 2007) , followed by a slower, enduring increase in dendritic spine density in the arcuate nucleus (Christensen et al., 2011) . Similarly, estradiol signaling through ERα/ mGluR5 affects neuronal excitability in striatal cells on the order of seconds or minutes (Grove-Strawser et al., 2010) , followed by slower effects on dendritic spine plasticity . These differing time courses converge to enhance motivated behaviors in females, as seen in the findings from our lab and others on estradiol facilitation of cocaine-induced plasticity. Although nuclear estrogen receptors are not found in abundance in the NAc, nuclear ERs in other reward circuitry brain regions could contribute to the effects of estrogens on the development and maintenance of addiction. Thus, it stands to reason that nuclear estradiol signaling adds another layer to the processes discussed in this review, and careful work must be undertaken to dissect these signaling mechanisms. Doing so will help explain the special nature of the ER/mGluR relationship that allows estradiol to powerfully influence neuronal physiology, structure, and, ultimately, behavior.
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